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Fluorescent speckle microscopy is a new and simplified
method for generating fiduciary marks on cellular
structures. It promises to become the method of choice
for studying polymer movement and dynamics in vivo.
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Fluorescent speckle microscopy (FSM) is an important
new technique in cell biology that takes advantage of the
random incorporation of fluorescently tagged subunits to
generate fiduciary marks on cytoskeletal polymers. When
a high percentage (≥ 10%) of subunits in a cell bear
fluorescent tags, their incorporation into the polymer is
relatively even, with the result that the polymeric
structures appear to be uniformly labeled. But with low
percentages of tagged molecules (≤ 1%), random incorpo-
ration produces a discontinuous pattern (Figure 1) which
can then be used to determine whether the polymer is
stationary or translocating [1].
Discontinuous labeling of filamentous structures had
previously been noted in vitro, in studies in which actin fil-
aments were doped with small amounts of labeled subunits
[2]. But it was not until Waterman-Storer and Salmon [3]
noted unevenly-labeled microtubules in the lamella of
migrating epithelial cells, and realized their value as fidu-
ciary marks, that FSM began to be used in vivo. The detec-
tion of speckles requires a sensitive microscopy system,
and so its discovery was at least partially due to improve-
ments in equipment which enabled the low signal, high-
contrast images to be seen. Under optimal conditions in
vitro, one can detect single fluorophores [2,4,5], whereas in
vivo it is estimated that there must be 5–10 fluorophores
within a diffraction-limited region to make a distinct
speckle [1]. In practice, FSM conditions are achieved
either by injecting very low concentrations of fluorescently
tagged proteins or, for proteins coupled to green fluores-
cent protein (GFP), adjusting conditions so that only small
amounts of the labeled protein are expressed.
Previous methods for creating fiduciary marks on
cytoskeletal structures used either a laser to photobleach
labeled molecules or a mercury arc lamp to photoactivate
caged fluorophores, producing a bar or spot which could
then be studied for movement of the marked structures.
Fluorescent speckle microscopy improves on this in
several ways. It is less invasive, requiring only the initial
injection or expression of a fluorescent marker, and avoids
potential artifacts that could arise from the intense light
needed for activation or bleaching. Speckled structures
can be analyzed throughout the cell, in contrast to
bleached or activated zones which are limited to a specific
area and orientation. In addition, photomarked zones are
visible only for a limited duration, because of fluorescence
redistribution, whereas speckles are persistent or regener-
ated as individual spots. Furthermore, the requirement for
specialized equipment and reagents limits the number of
labs that can perform photomarking, whereas FSM analy-
sis can be performed by any lab with a sensitive
microscopy system. Finally, although the fluorescent
signal from speckled samples is low, the background is
lower as well, giving the added benefit that one can collect
data from thicker regions of the cell [6].
To date, the widest use of FSM has been to study
microtubule movement and dynamics. Microtubules move
through the cytoplasm either by motor-based translocation
of the lattice or by treadmilling, growth at one end of the
microtubule with concomitant shortening at the other.
Under imaging conditions in which microtubule labeling
appears uniform, these two types of movement were
previously distinguished by imposing a photobleached
fiduciary mark on single microtubules [7,8], but only a few
bb10a05
Figure 1
Image of a single microtubule, assembled
in vitro from a solution containing 0.6%
labeled tubulin, displaying a pronounced
speckle pattern. Diagrammed below is a 1 µm
region of the microtubule showing how the
labeled subunits (red) could give rise to the
observed speckle pattern.
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microtubules could be analyzed per cell. By using FSM,
microtubule treadmilling was demonstrated throughout
the lamella of migrating epithelial cells [3] and CHO cell
cytoplasts [7] (Figure 2).
Speckle microscopic analysis of microtubules has also
been performed in neurons to address the question of
whether microtubule movement can be detected in
growing axons. Observing speckle-labeled microtubules in
a growing axon, Chang et al. [9] failed to detect any micro-
tubule movement, in agreement with previous photo-
bleaching and photoactivation studies [10]. The use of
FSM helps to strengthen these otherwise negative results
for several reasons. In previous photomarking studies,
only a short region of the axon could be analyzed for
movement, whereas using FSM all microtubules within
the field of view could be monitored. Also, with photoacti-
vation or photobleaching it is possible that the axon could
have been damaged during the marking process, a possi-
bility that is avoided with FSM. Finally, in conjunction
with a novel method of flattening axons, FSM observa-
tions permitted single-microtubule analysis in the axon,
which had not previously been achieved.
Microtubule speckles were also used by Dent et al. [11] in
their study of microtubule movement in growth cones.
Dent et al. noted retrograde microtubule movement in
growth cones by tracking speckles and, in some cases, coor-
dinated movement and buckling of the same microtubule
elsewhere in the growth cone. The use of FSM was espe-
cially advantageous in this case because the distinct speckle
patterns allowed single microtubules to be uniquely identi-
fied and monitored, even though they were too close
together in many cases to be resolved individually.
Speckle analysis can be used with GFP-tagged proteins as
well, as has been done with the budding yeast
Saccharomyces cerevisiae [12,13]. In these studies, speckles
were induced by low levels of GFP–tubulin expression
and used as fiduciary marks to follow microtubule behavior
during the cell cycle. Speckle marks remained a constant
distance from the spindle pole body on cytoplasmic
microtubules throughout the cell cycle and on spindle
microtubules during telophase, suggesting that these
microtubules are stably attached to the spindle pole body.
Perhaps one of the more powerful applications of FSM has
been in the study of microtubule flux in mitotic spindles,
where it is difficult, if not impossible, to see individual
microtubules by fluorescence microscopy. By observing
mitotic spindles that had been labeled with a low percent-
age of fluorescent tubulin, Waterman-Storer et al. [6] were
able to detect poleward speckle movement throughout
the spindle. Although mitotic flux had previously been
described using photomarking [14], FSM is much simpler
and will most likely be instrumental in further studies
aimed at understanding the mechanism of flux and its role
in chromosome movement.
The ability to observe speckles without resolving
individual filaments has made FSM useful for studies of
actin movement as well. The coordinated retrograde move-
ment of actin filaments in the lamellum of a migrating cell
can be observed by FSM following injection with small
quantities of fluorescently labeled actin [6,15]. Like
microtubules in mitotic spindles, speckled actin appears
not as filaments but as a field of spots, the significance of
which is apparent only in time-lapse movies, when the
spots move en masse.
In addition to actin and microtubules, speckle analysis has
been applied to molecules such as CLIP170 and
E-MAP115, which are not polymers but proteins that, at
physiological levels, bind microtubules in a discontinuous,
speckled pattern. The uneven binding of CLIP170 at the
growing microtubule plus end served as a convenient
reference mark to help in understanding the movement of
patches of GFP–CLIP170 in living cells [16]. In the
absence of reference marks, patches of GFP–CLIP170
appeared to move along with the growing microtubule
plus ends. Studying the speckle patterns on the patches,
however, revealed that GFP–CLIP170 molecules
remained stationary with respect to the microtubule and
produced the appearance of movement by treadmilling,
binding at the growing tip and dissociating over time
several microns from the microtubule end [16].
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Figure 2
Treadmilling of a single microtubule in the
lamellum of a cytoplast made from a CHO
cell, shown in sequential timelapse images.
While the microtubule plus end (blue
arrowhead) and minus end (yellow arrowhead)
grow and shorten, respectively, two speckle
marks (red, green arrowheads) remain
stationary. Time in seconds; bar, 1 µm.
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Microtubule-associated proteins (MAPs) bind to and
dissociate from the microtubule lattice along its length in a
stochastic manner. At low concentrations, MAPs do not
cover the entire microtubule but produce a discontinuous
pattern. To understand the mechanisms of MAP binding,
Bulinski and co-workers [17] performed live cell imaging
of E-MAP115, labeled with multiple GFP molecules for
improved fluorescence signal. Analysis of the dynamic
changes in the speckle pattern has the potential to provide
on and off rate constants for MAP binding.
Although FSM is a powerful and versatile technique, there
are nonetheless several factors which limit its usefulness.
The most obvious is that speckles are generally very dim,
requiring the use of extremely sensitive cameras, high-
quality microscope components, and relatively long expo-
sure times to collect a good image. One solution to this
may be the use of brighter fluorescent probes, such as mul-
tiple GFP molecules as described above [17]. Also, visibil-
ity of speckle fiduciary marks is limited by changes in the
speckle pattern over time brought on by photobleaching,
movement of the structure to a different focal plane, or
dynamics of the structures involved, such as microtubule
shortening and growth or binding and release of MAPs.
In principle, FSM is applicable to a broad range of problems
concerning in vivo supramolecular dynamics. Microtubules
and actin filaments are ideal for this technique because of
their polymeric structure, their ability to be organized into
arrays of uniformly oriented filaments, and the fact that
addition and loss occur only from their ends. Intermediate
filament behavior should also be analysable by FSM. Mole-
cules that bind to cytoskeletal filaments can also be studied
as speckles, but the exact application will depend on how
rapidly these molecules are exchanged from the polymer.
One could imagine applications of FSM to investigating the
dynamics of many cellular structures, such as focal adhe-
sions, mitochondria, the Golgi apparatus or the nuclear
envelope. In combination with the rapidly expanding GFP
technology, the possibilities for in vivo molecular analysis
are likely to keep investigators busy for years to come.
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